The bone mineral density BMD and content BMC were analysed in the tibiotarsal bones of ducks in the postnatal development as influenced by age and sex. One hundred birds from the nesting till the slaughtering maturity were included in the experiment. The analysis was conducted using a densitometer, Norland -Excell Plus and pQCT computed tomography, XCT Research SA Plus.
Introduction
Vertebrates' bones constitute a special type of the connective tissue which undergoes constant forming and rebuilding. It should be emphasised that a bone of a mature bird, after reaching sexual maturity, differs from that in the first weeks especially in the bone weight. Current farming conditions based on intensive feeding and nutrition as well as genetic selection of birds focus mainly on attainment of a fast growth rate expressed as body weight. Introducing birds of high productive parameters to breeding predisposes to frequent and unexplained etiopathogenetic health and skeletal problems. High body weight in poultry as well as lack of balance in the growth of the muscle mass and bones potentiate deformities and bone fractures, specifically of the tibiotarsal bones of poultry like chicken broilers (Coelo and Diniz 1997), ducks (Charuta et al. 2011) , geese , turkeys (Burs et al. 2008 ) and ratites (Bezuidenhout 1993 , Horbańczuk et al. 2004 , Cooper et al. 2008a , Cooper et al. 2010 .
Taking into account the frequency of pathologies of the bone tissue in poultry and observing clear health problems connected with the locomotor function and the shape of limbs of domestic ducks growing intensively, an attempt was made to explore this illness. As a consequence, it is very important to know the structure of the bone tissue in the postnatal development. Studying densitometric features of the tibiotarsal bones with the use of computed tomography pQCT is one of the methods allowing the determination of the structure of bones, their mineralisation and the recognition of disorders in the structure of bones, which may be connected with dynamic forces and deforming loading. There are many methods of intravital evaluation of the skeletal system in poultry, e.g. radiography (Poulos 1978) , dual X-ray absorptometry (Hester et al. 2004) , digital fluoroscopy (Fleming et al. 2004) , quantitative computed tomography (Tatara et al. 2004 (Tatara et al. , 2005 , and microcomputed tomography microCT (Martinez-Cummer 2006) . The programme which enables the determination of parameters of the bone structure through analysis of radiograms is the Trabecula ® system (Czerwiński 1994) . The method was used in the diagnostics of fluorine and osteopathic changes in humans (Czerwiński 1994) , as well as in veterinary medicine: in horses to examine the structure of the pastern bones (Dzierzęcka 2006) , in ostriches (Charuta et al. 2008) and in ducks (Charuta et al. 2011) . The bone mineral density (BMD) and content (BMC), (Talaty et al. 2009 (Talaty et al. , 2009a (Talaty et al. , 2010 , and radiological density of bones (BRD) (Barreiro et al. 2009 ), were previously investigated. The aim of the current investigation was to determine changes in the bone mineral density BMD and BMC in the whole bones and in particular sections i.e. the proximal metaphysis and in the middle of the diaphysis of the tibiotarsal bones of ducks during postnatal development affected by age and sex using computed tomography and a densitometer. Hopefully, the attained results, despite their cognitive value, may also have a practical application as they may be used by poultry breeders.
Materials and Methods
The research was conducted on 100 Peking ducks (10 cocks and hens from each age group) obtained from France, Grimaud Freres Company (STAR 53 H.Y.: GL30 X GL50). For determining changes in the BMD and changes in the BMC in the bone tissue in situ in the postnatal development of the tibiotarsal bones, the birds were divided into age subgroups: 1-day-old (x bw. 50.94 g), 2-wk-old (x bw. 561.5 g), 4-wk-old (x bw. 1750 g), 6-wk-old (x bw. 2390 g), 8-wk-old (x bw. 2910 g) -the age when they reach slaughtering maturity. The birds were fed ad libitum with industrial mixtures for water birds: KB 1 -all mash feed for ducks from the first days to the third week of life and KB 2 (a mixture for older ducks from the 3 rd week of life till the end of fattening). Birds were kept in a closed building, on deep bedding. The first stage was to determine BMD and BMC in the whole tibiotarsal bones without dividing into particular sections (the proximal metaphyses and the middle of the diaphyses). The study was conducted applying a densitometer Norland -Excell Plus (Fort Atkinson WI, USA), which uses a technology of a collimated X-ray beam and a programme for animal research (Research Scan -version 3.9.6) at the following parameters:
1. Duck bones at 2, 4, 6 and 8 wk: scanning resolution -1.5x 1.5 and scanning speed -30 mm/s.
2. Duck bones at 1 day: scanning resolution -0.5 x 0.5 and scanning speed -10 mm/s.
BMD-Bone Mineral Density -mineral density of the bone tissue expressed in g/cm 2 BMC-Bone Mineral Content -mineral content of the bone tissue expressed in g
The research was conducted intravitally. Then, using a high resolution peripheral quantitative computed tomography (pQCT) XCT Research SA Plus (Stratec Medizintechnik GmbH, Pforzheim Germany), the analysis of in situ structure of the proximal metaphysis and the middle of the diaphysis of the tibiotarsal bones was conducted. The following densitometric parameters were determined in the bones:
vBMD -The average volumetric bone mineral density in the proximal metaphyses and the middle of the diaphyses (mg/cm 3 ). BMC -The average mineral bone content in the proximal metaphyses and the middle of the diaphyses per 1mm slice (mg/mm). The mineral content of the total bone within a 1 mm slice (BMC).
The tibiotarsal bones were cleaned off the soft tissues for the analysis with the use of computed tomography and frozen for storing at -25 to -30 o C. Tomographic analysis of the proximal metaphysis was conducted in 18% of the bone length, whereas the analysis of the middle of the diaphysis of the tibiotarsal bone was performed in the middle (50%) of the bone length, at the voxel of 0.07 mm and the scanning speed of 4 mm/min. The area of the analysis was determined after the initial scanning (20 mm/s) and morphometric bone measurements (Fig. 1) . The threshold coefficient, differentiating the compact bone from the cancellous bone, was determined and estimated at 0.900 cm -1 . The achieved results were analysed statistically. The first stage of the analysis was to check the conformance of the data with the normal distribution. Densitometric parameters (BMD and BMC) were compared and the ones which appeared not to be consistent with the normal distribution were analysed using non-parametric tests: i.e. the Kruskal-Wallis one-way analysis of variance (to compare age). Differences between particular parameters and the area of the studied bone are presented in the diagrams. The non-parametric U Mann-Whitney test was used to compare sexes. All calculations were conducted with the use of Statistica 9.0 programme (StatSoft, Inc. Tulsa, USA) at P ≤ 0.05. Two-factor analysis of variance ANOVA was applied to analyse densitometric results.
The following overall linear model for comparison of analysed traits was used: y ijl = m + a i + b j + ab ij + e ijl where: y ij -value of the studied feature, a i -i-effect of factor A, b j -j -effect of factor B, ab ij -effect of interaction between A and B, e ijl -random error.
Computed tomographic and densitometric analysis...
Correlation coefficients for the analysed features were calculated in relation to the body weight and the bone weight (Table 5) .
The research was conducted after achieving the acceptance of the Local Bioethical Committee (nr 55/2008) for the planned procedures on animals.
Results
Average values of the BMC and BMD of the tibiotarsal bones of ducks as influenced by age, sex and body weight with the use of a densitometer are presented in the table below.
When analysing the BMC in the tibiotarsal bones using a densitometer, it was observed that BMC of females increased from the moment of nesting till the slaughtering maturity. In a group of males, BMC increased from 1 day to 6 wk (Table 1) . BMD in the postnatal development increased from the first day up to six wks, whereas in the group of females up to eight wks (Table 1) . When analising the mineral content BMC in the tibiotarsal bones, it was stated that BMC was higher in the proximal metaphyses than in the middle of the diaphyses (Fig. 2) . BMC in the proximal metaphyses of the tibiotarsal bones in situ was the highest in 4wk individuals of both sexes (app. 45 mg/mm). It is worth emphasising that a decrease of BMC was observed between 4 and 6 wk, both in males and females in proximal metaphyses. (Table 2, 3, 4) .
In 6 wk females, BMC in proximal metaphyses attenuated by 16 mg/mm (Fig. 2 ). Pearson's correlation coefficient of 4 wk females amounted to r = -0.53, and in 6 wk to r = -0.39, at P ≤ 0.05. It proved that when the body weight BW increased, the mineral content BMC significantly decreased in proximal metaphyses in 6 wk females (Table 5) . Computed tomographic and densitometric analysis... The mineral content, BMC, in the middle of the diaphyses in situ increased with age for both sexes (Fig. 2) . Pearson's correlation coefficient confirmed statistically significant relations between the mineral content BMC and the body weight BW. The coefficient amounted to r = 0.91 and r = 0.86, P ≤ 0.05 for 2 and 4 wk males, respectively. In the group of 2 and 6 wk females, significant statistical relations between BMC and BW were also observed.
In proximal metaphyses of the tibiotarsal bones of males and females, vBMD was twice lower than in the diaphyses and amounted to app. 300 mg/cm 3 in the proximal metaphyses and app. 600 mg/cm 3 in the middle of the diaphyses. A decrease of vBMD was observed in both bone sections from 6 wk in both sexes. Fig. 3 .
It is worth noting that the highest number of deformities of the tibial bones and movement problems was observed between 4 and 6 wk in females. Attenuation of bone mass was also found in males, however, it occurred a bit later, in the 6 wk (Fig. 3) . It should be emphasised that an intense growth of the body weight f the studied birds took place between 2 and 6 wk (Fig. 4) . Using Pearson's correlation coefficient, it was stated that it amounted to r = -0.97 in proximal metaphysis in 4 wk males and it proved that when the body weight BW increased, vBMD significantly decreased in proximal metaphyses. In 6 wk males, vBMD also decreased in the middle of diaphyses when BW increased (r = -0.72, at P ≤ 0.05) ( Table 5 ). The correlation coefficient in 4 and 6 wk females confirmed the decrease of vBMD in the middle of diaphyses when BW increased and it amounted to r = -0.63 and r = -0.79 at P ≤ 0.05, respectively (Table 5) .
Discussion
Deformities and fractures of the tibiotarsal bones are recorded in various species of poultry, especially of the meat-type birds, both in the Galliformes (Lilburn 1994, Simsa et al. 2007 , Tykałowski et al. 2010 and the Anseriformes (Charuta et al. 2011) . Ducks of the meat type, growing fast between 4 and 6 wk, experience illnesses of the tibiotarsal bones and disorders in the bone formation processes as at that age there is a sudden rebuilding and modelling of the bone tissue (Charuta et al. 2011) , whereas older birds experience fractures of long bones (own research). Taking into account the frequency of pathologies of the bone tissue in poultry, including ducks, conducting studies aiming at recognising disorders in the post-natal development of bones is justified.
The research of Charuta et al. (2011) reported changes in the structure of the spongious substance of the tibio-tarsal bones of domestic ducks using Trabecula ® programme to examine the bone tissue. It showed that 6-wk.-old female ducks had the lowest number of trabecualae (8.14 mm 2 ), thus the lowest density of trabeculisation (39.84%). At that age the frequency of deformities of the tibial bones is also the highest in 4-and 8-wk-old birds, which means that the process of modelling of the spongious bone tissue triggered by the increase of the body weight takes place. Comparing the parameters characterising radiological trabeculae in the proximal metaphysis of the tibiotarsal bone from the previous research with vBMD and BMC (pQCT) of the proximal metaphysis of the same bones, it can be stated that these values are also the lowest in 6-wk.-old hens and amount to 310 mg/cm vBMD and BMC in particular bone sections. vBMD in the diaphyses was twice higher than in the metaphyses. Moreover, it was stated that vBMD of the diaphyses attenuated from 2 wk for both sexes i.e. from 650 mg/cm 3 to 500 mg/cm 3 (8 wk). The vBMD decrease may be the cause of deformities and fractures of bones in ducks. It was found that building of the bone mass took place from 1 day until 4 wk of the birds' life. In 4 wk vBMD and BMC of hens had the highest values. Similar relations were recorded in the number and the density of the radiological trabeculae, i.e the number (12.47 mm 2 ) and the density (47.71%) of the trabeculae was the highest in the hens in the 4 wk of life (Charuta et al. 2011) . Another investigation conducted by Talaty (Talaty et al. 2009 , Talaty et al. 2010 ) on the bone density of poultry related to age and sex analysed changes in the mineralisation of the humeral and tibial bones of chicken broilers, cocks and hens, aged 2-8 wk, using dual X-ray absorptometry (DEXA). They found that the bone mineral density was highest in 4-wk-old chicken broilers and slightly higher in cocks (Talaty et al. 2009 ). Similar results were observed in ducks (own research). The mineral content and the mineral density of the proximal metaphysis was the highest in 4 wk of life and slightly higher in cocks. The mineral density in the middle of the diaphysis was the highest in 2-wk-old birds (males and females). Barreiro et al. (2009) studied the radiological density of the tibial bones of broilers (BRD) in the proximal metaphysis, the diaphysis and the distal metaphysis of bones. It was stated that proximal metaphyses of the tibial bones had the highest density compared with the diaphysis and the distal end of the bone. Ducks (own research) had the highest mineral density vBMD in the diaphysis of bones (600 mg/cm 3 ), in the proximal metaphyses the bone weight was almost twice lower and amounted to 350 mg/cm 3 . The BMD and the BMC in the bone tissue in selected bones of the thoracic and pelvic limbs were analysed also in ostriches (Dzierzęcka & Charuta 2010) . The research was conducted with the use of a densitometer. It was found that analysed bones differed significantly with regard to BMD and BMC in the bone tissue. Significantly higher values of both analysed parameters (BMD and BMC) were observed in bones of the pelvic limb in comparison with bones of the thoracic limb.
Conclusion
The presented reasearch showed that BMC decreased in proximal metaphyses of the tibiotarsal bones in males and females between 4 and 6 wk. vBMD attenuated in diaphyses of the tibial bones in females from 4 wk and in males from 6 wk. The changes in BMC and vBMD were the reason for numerous fractures and deformities of the tibial bones in 6 week-old ducks.
Our results suggest that the analysis of the BMD, vBMD and the BMC in postnatal development of the tibiotarsal bones of ducks using a densitometer and computed tomography may be a relatively new method applied in the early diagnostics of bone mineralisation disorders in ducks bred in flocks which is especially significant for the well-being of animals and may contribute to health improvement of duck flocks.
